We present an experimental study of the initial dissociative sticking probability of H 2 on the PdCu(111) surface alloy at Pd coverages between 1-10%. The measurements have been performed using a supersonic molecular beam with an incident energy range E i = 75-163 meV. In agreement with a recent STM study, our results confirm that small amounts of Pd atoms significantly increase the reactivity of the inert Cu(111) surface, although the measured initial sticking probability values were found to be much lower than the ones estimated from the STM work. For a Pd coverage of 1% and E i ∼ 0.10 eV, the H 2 initial sticking probability was found to be 2 × 10 −3 , increasing to 4 × 10 −3 for a Pd coverage of 10%. This agrees well with a recent molecular dynamics study, in which the initial sticking probability was estimated in 7 × 10 −3 for a Pd coverage of 11% and E i ∼ 0.15-0.20 eV. Essentially the same values were measured in the whole incident energy range investigated. Therefore, our results support the main conclusion of the molecular dynamics calculations about the mechanism leading to the increase of reactivity of the Pd-Cu(111) surface alloy, which combines a lower activation energy barrier for dissociation of ∼ 0.25 eV on top of substitutional Pd atoms with spillover onto the Cu(111) surface.
Introduction
In recent years, much effort has been devoted to study bimetallic surfaces, both from the experimental and theoretical side [1] [2] [3] . To a large extent, this has been driven by the interest in tuning the catalytic activity of a given metal surface by adding a different material. For instance, metal layers epitaxially grown onto single-crystal metal substrates with different lattice constants have been proposed as very efficient selective catalysts in reactions involving H 2 molecules [4] . This is a consequence of the well established fact that modifying the lateral lattice constant of a surface by introducing strain can strongly influence its reactivity [5] [6] [7] [8] [9] [10] .
Another quite promising route for artificially tuning surface chemical reactivity is given by metal alloys, which in most cases show very complex geometrical and electronic properties and differ deeply from their constituent materials [3, 11] . A nice example is provided by a recent STM study reported by Sykes et al. [12] . These authors showed how the surface alloy formed by isolated Pd atoms on Cu(111) can efficiently dissociate H 2 molecules and allow them to spill over onto the host metal, strongly reducing the dissociation barrier for H 2 on Cu(111). As a result, this allows to adsorb 0.2 ML H 2 on the Pd-Cu(111) surface after depositing just 1% Pd, and 0.4 ML H 2 if the deposited Pd coverage is increased to 10% [13] .
It would be highly desirable to get more insight into the detailed microscopic mechanism leading to these surprising results, which is still far from being fully understood. The Cu(111) surface is very suitable to perform this study, since the interaction of H 2 with Cu(111) has been extensively studied, both experimentally [14] [15] [16] [17] [18] [19] [20] and theoretically [21] [22] [23] [24] . These studies provided detailed information concerning the influence of incident energy and angle, vibrational state, the molecule's incident rotational state and molecular alignment on reaction. Sykes et al. [12] estimated in just 0.020 eV the dissociation barrier over an isolated Pd atom on Cu(111), a much lower value than the 0.63 eV reported for H 2 on Cu(111) [24] . This very low barrier for the Pd-Cu(111) system is consistent with the high reactivity observed in their STM experiments [12] , which requires a relative large value for the H 2 initial sticking probability. However, in a recent study based on Density Functional Theory (DFT) calculations, Ramos and coworkers have found that the activation barrier for H 2 dissociation on the Pd-Cu(111) system is 0.25 eV [25] , i. e. one order of magnitude larger than the one reported by Sykes et al. In particular, these calculations showed that the large increase of the reactivity observed in experiment is mainly due to the reduction of the minimum activation energy barrier for dissociation from 0.63 eV on pure Cu(111) [24] to ∼ 0.25 eV on the Pd-Cu(111) system. In addition, by performing DFT molecular dynamics (DFT-MD) calculations including the six degrees of freedom of the potential energy surface (PES), Ramos et al. were able to estimate the H 2 initial sticking probability on individual isolated Pd atoms deposited on Cu(111). For E i ∼ 0.15 − 0.20 eV and 1% Pd, this value was found to be 6 × 10 −4 , increasing to 7 × 10 −3 for a Pd coverage of 11% [25] . We have recently shown that diffraction of H 2 is a very useful technique to characterize the corresponding PES for hydrogen dissociative chemisorption at metal surfaces [26] . In the case of the Pd-Cu(111) surface, however, since it is not an ordered alloy, this technique cannot be applied to check the quality of the PES reported by the theoretical study. Thus, the starting point for a comparison with calculations should be provided by measurements of the H 2 initial sticking probability as a function of incident energy.
Here we report the results of such experiments, which have been carried out using a supersonic molecular beam with an incident energy range between 75 and 163 meV. Our data show, in agreement with a recent STM study [12, 13] , that single isolated Pd atoms deposited on Cu(111) increase the H 2 dissociation probability of the otherwise inert Cu(111) surface. However, the absolute values determined in our study lie well below (by ca. one order of magnitude) those estimated from the STM work. For an incident energy E i ∼ 0.10 eV, the H 2 initial sticking probability was found to be 2 × 10
for a Pd coverage of 1%, increasing to 4 × 10 −3 for a Pd coverage of 10%. The latter is in excellent agreement with the DFT-MD calculations reported by Ramos et al. [25] , which gives further support to the calculated PES barriers.
Experimental details
Experiments have been carried out in a Helium Atom Scattering (HAS) apparatus described elsewhere [27] . It consists of a three-stage differentially pumped beam system and an 18 in. diameter UHV scattering chamber, in which the base pressure is typically ∼ 3×10 −10 mbar. A free jet expansion is produced through a nozzle of d = 10 μm diameter. The nozzle temperature T n can be varied between 100 and 700 K, allowing a variation of the incident energy of the H 2 beam between 25 and 175 meV, respectively. The estimated energy spread of the H 2 beam is about 10%. The angular distribution of the scattered atoms are measured with a quadrupole mass spectrometer mounted on a twoaxis goniometer. The sample holder allows heating the crystal to 1500 K and cooling to 100 K. The Cu(111) surface was prepared by applying standard sputtering/annealing cycles. As explained in more detail below, a Ru(0001) crystal has been used to calibrate the sticking probability of the Pd/Cu(111) system. Details on Ru(0001) surface preparation can be found elsewhere [28] . Surface cleanliness and order of both Cu(111) and Ru(0001) surfaces was checked using low-energy electron diffraction (LEED) and helium atom diffraction.
Our HAS apparatus has recently been modified [29] to allow sticking measurements using the King and Wells method [30] . It is worth emphasizing that the beams quality (concerning angular divergence and energy spread) employed in the sticking experiments is the same usually employed for He and H 2 diffraction measurements using the same apparatus [26] . However, the lowest sticking value which can be detected using the King and Wells method in our setup is ∼ 0.10. It means that an alternative method must be applied below this threshold to measure H 2 sticking values in systems with a low reactivity, like Pd-Cu(111). A very powerful and well-established method consists in monitoring the specularly reflected He beam intensity while exposing the sample to a H 2 background pressure [31, 32] . Similarly, the same experiment can be performed using a H 2 molecular beam with a well-defined incident energy, and then monitor the reflected H 2 specular beam. It can be shown [31] that the initial sticking coefficient is proportional to the initial slope of such deposition curves. Therefore, deposition curves can be used to accurately determine changes in the initial sticking probability as a function of any parameter (in our case, initial Pd coverage). The only assumption made here is that the cross-section for diffuse scattering of the adsorbates is the same in all systems to be compared. It can be shown that this is the case for H atoms and even for CO molecules adsorbed at very low coverages on close-packed metal surfaces [31] . For the case of the Pd/Cu(111) surfaces studied in our current work, it is important to mention that, although the He specular intensity decreases with increasing Pd coverage deposition (typically, a decrease of 10% is observed for a Pd coverage of 10%), we are still dealing with high-reflectivity surfaces, so the arguments given above for a zero coverage surface can be applied. In addition, we have checked that the profile of the specular beam is not affected by the attenuation of its intensity.
Although the sticking values determined in this way are relative values, they can be normalized from a comparison with the ones obtained for a well-known surface (under the same incident conditions) in which the King and Wells method can be applied. We have used the clean Ru(0001) surface to normalize the sticking values measured by monitoring the specularly reflected He/H 2 beam. These values have been normalized using the initial sticking curve of H 2 on Ru(0001), which was measured in our system using the King and Wells method. In the energy range investigated (25-175 meV), we obtained a curve identical within experimental error to the one reported by Groot et al. [33] . In this way, we were able to determine sticking coefficient values as low as 0.001 [31] . In order to detect the specularly reflected He/H 2 beam, an angle of incidence different from normal incidence must be used. Therefore, the sticking measurements reported below have been measured with an angle of incidence Θ i = 15
• , which is the smallest angle which allows detection of specular diffraction, owing to limitations in the mechanism used for rotating the detector [27] .
A critical issue in the current experiments was the determination of the Pd coverage, since we aimed to have reproducibility at very low coverages, in the range 1-10% ML Pd. Since Pd does not grow epitaxially on Cu(111), we have calibrated our evaporator by measuring the completion of the first Pd layer on Ru(0001), on which it grows epitaxially [34, 35] . Pd was deposited from a commercial evaporator, using a Pd rod. The evaporated Pd atoms reached the sample at nearly normal incidence, being the evaporator mounted 30
• away from the molecular beams incident direction. The quality of evaporated films has been checked by monitoring the changes in the intensity of the specular He beam, taking advantage of its high sensitivity to surface defects [31, 32] . A typical deposition curve is shown in Fig. 1 . The observation of a clear maximum corresponds to the completion of the first Pd epitaxial layer, which forms when Pd is deposited at a surface temperature of 700 K [34, 35] . As it can be seen from Fig. 1 , the first maximum in the reflected intensity occurs after about 40 min, which corresponds to an evaporation rate of ∼ 0.03 ML/min. Therefore, using this technique we were able to determine the deposited Pd at low coverages with a daily precision of ca. 10%.
Results
Previous work have shown that a flat Pd-Cu(111) surface alloy can be prepared by evaporating small amounts of Pd at ∼ 370 K [12, 36] . Under these conditions, no PdPd dimers were observed at low coverages. Fractal and dendritic growth has been observed after evaporation at ∼ 190 K. Heating the surface above ∼ 500 K induces a clear morphological change, which is characterized by the appearance of subsurface Pd atoms [36] .
In principle, one would expect to get a different reactivity for these quite different low-coverage structures. Therefore, we have first measured the H 2 initial sticking probability after depositing 10% Pd at 100 K and subsequent annealing to different final temperatures. The results are shown in Fig. 2 . These measurements have been carried out at 100 K while dosing H 2 from the background. As we can see, a relative constant value is obtained up to room temperature. Further heating leads to a considerable increase of the reactivity, which drops below the initial value when heating above 500 K. Thus, the highest reactivity is obtained when the as-deposited Pd-Cu(111) surface is heated to 400-500 K. We identify this temperature range as the one corresponding to the optimum exchange between Pd and Cu atoms on the top layer, as described in previous STM work [12, 36] . Following these studies, the decrease observed after further heating is attributed to the migration of Pd atoms into subsurface sites. Our study also shows that the as-deposited Pd atoms exhibit a lower reactivity than the ones embedded into the first layer, forming the flat Pd-Cu(111) alloy. Note that this is somehow a surprising result, since one would expect the higher coordinated atoms to have the highest reactivity. The results presented below have been obtained using Pd-Cu(111) surfaces with the highest reactivity, i. e., prepared by evaporating Pd at 100 K followed by annealing to 450 K. Figure 3 shows the H 2 initial sticking coefficient as a function of the beams normal energy, E n = E i cos 2 θ i , for Pd coverages of 1% and 10%. The measurements have been performed at 100 K with the incident angle fixed at 15
• with respect to the surface normal. The first thing to notice from these data is the almost negligible dependence of the H 2 initial sticking probability with incident energy. A value of ∼ 2 × 10 −3 is obtained for a Pd coverage of 1%, which increases to ∼ 4 × 10 −3 for a Pd coverage of 10%. Even though these are quite small numbers, they clearly show that small amounts of isolated Pd atoms significantly increase the reactivity of the Cu(111) surface, which is inert under the same experimental conditions. In fact, the initial sticking probability for H 2 on Cu(111) in the energy range covered in Fig. 3 has been shown to lie below 10 −6 [15] . Our results agree qualitatively with the STM results reported by Sykes et al. [12, 13] , although quantitatively there are significant discrepancies, as discussed in more detail below.
Figure 4 also shows data for the H 2 initial sticking probability, but in this case H 2 is dosed from the background. This corresponds to an average kinetic energy of the H 2 molecules of ∼ 50 meV, although a significant number of molecules have a lower kinetic energy. The normalization of these data points has been made taking the initial sticking coefficient value measured for the H 2 /Ru(0001) system at E i = 50 meV, which is 0.20. Under these conditions, we see that the initial sticking probability is also found to increase with Pd coverage, going from 4 × 10 −3 for a Pd coverage of 1% to 0.02 for Relative variation of the H 2 initial sticking probability after depositing Pd at 100 K followed by annealing to different temperatures. The maximum observed at ∼ 450 K is caused by the optimum exchange between Pd and Cu atoms on the top layer, whereas the decrease observed at higher temperatures is a consequence of the migration of Pd into subsurface sites [36] . The measurements have been performed at 100 K. The line is a guide to the eye. a Pd coverage of 10%. These data agree well with the ones obtained using the supersonic beam (shown in Fig. 3) , and confirms that the initial sticking probability increases by a factor ∼ 4 when the Pd coverage goes from 1% to 10%. To put our results into perspective, we need a comparison with realistic calculations. As already mentioned, DFT calculations reported by Sykes et al. obtained a value of just 20 meV for the dissociation barrier over an isolated Pd atom on Cu(111) [12] . This means that, when dosing H 2 molecules from the background (i. e. with an average kinetic energy of ∼ 50 meV) we can assume that most of the molecules will dissociate with a high probability on top of the Pd atoms. Thus, for a Pd coverage of 0.01 ML we expect to get an initial sticking probability of ∼ 0.01. Using a different argument (based on the exposure/coverage ratio) a similar figure has been estimated in Ref. [25] . This value is roughly one order of magnitude larger than the one measured in our current work. Thus, although our data confirm qualitatively the main result reported in a previous STM study [12, 13] , namely that Pd atoms significantly increase the reactivity of the otherwise inert Cu(111) surface, it is also clear that the main effect seems to be less impressive than previously assumed.
The data presented in Fig. 3 are in very good agreement with recent DFT-PBE MD calculations reported by Ramos et al. By performing DFT-PBE calculations for a (3×3) Pd-Cu(111) alloy (which corresponds to a Pd coverage of 11%), they found an activation energy barrier for H 2 dissociation of 0.25 eV [25] . This barrier was found to decrease slightly to 0.20 eV when similar calculations were performed for a (2×2) PdCu(111) structure (corresponding to a Pd coverage of 25%). It is worth mentioning that these barriers correspond to the minimum value found taking into account all the six molecular coordinates, as well as optimizing the coordinates of substrate atoms in the two topmost layers. In this way, they found for E i ∼ 0.15 − 0.20 eV and a Pd coverage of 1% a H 2 initial sticking probability of 6 × 10 −4 , which increases to 7 × 10 −3 for a Pd coverage of 11% [25] . These values must be compared, respectively, with our current values of 2 × 10 −3 and 4 × 10 −3 , measured at E i ∼ 0.10 eV. It seems difficult to conciliate our results with the hypothesis of a prominent role played by a precursor state in the H 2 dissociation process, as suggested by Sykes et al. [12, 13] . We see almost no dependence with incident beam energy in the whole energy range studied (see Fig. 3 ). Also, no additional effects were observed when dosing H 2 from the background, which includes H 2 molecules with kinetic energies well below the average value of ∼ 50 meV. This is in line with the DFT-PBE MD calculations reported by Ramos et al., who found no evidence for trapping promoted dissociation at incident energies E i ∼ 0.10 − 0.20 eV [25] . However, these were classical molecular dynamics calculations, which do not allow reaction by tunneling. Our experiments were performed at low energies which are at the threshold at which quantum effects may play an important role. We hope our results will stimulate quantum dynamics calculations for this system, to see whether quantum tunneling plays a role in the dissociation process.
Concerning the slight increase of the H 2 initial sticking probability with decreasing incident energy, which is more clearly observed when dosing H 2 from the background, one possible explanation could be that it is caused by dissociation taking place at the Pd atoms incorporated at step edges, which are present in the experiment [36] . This argument is also motivated by a result reported in the mentioned DFT-PBE MD calculations [25] . This work showed that, for the lowest incident energy investigated (100 meV), trapping is present in the trajectories of H 2 molecules impinging on top of a Pd atom. Although these molecules are not able to dissociate, owing to the existence of a barrier of ∼ 250 meV, the trapping mechanism could allow the molecules to reach the Pd atoms located at step edges, where they could eventually dissociate. Note that in this case, the presence of steps is crucial for dissociation to occur. Thus, in principle this should be distinguished from a trapping-induced dissociation mechanism on a flat surface, which could occur through a tunneling mechanism at low energies, as discussed above.
Finally, another interesting result of our study is that the surface alloy reactivity increases slowly with Pd coverage. In effect, we observe an increase of the sticking probability by a factor ∼ 4 when the Pd coverage increases from 1% to 10%. This is consistent with the mentioned DFT-PBE MD calculations, according to which the minimum activation energy barrier decreases from 0.25 eV to 0.20 eV when the Pd coverage increases from 11% to 25% [25] . Thus, there is an initial large effect caused by the Pd atoms firstly deposited on the inert Cu(111) surface, which is followed by a relatively moderate effect when the Pd coverage is further incremented.
Summary
We have performed a molecular beam study of the H 2 initial sticking probability on the Pd-Cu(111) surface alloy at low Pd coverages, for an incident energy range between 75 and 163 meV. Our results show, in agreement with previous work [12, 13] , that evaporation of small amounts (1-10%) of Pd atoms significantly increase the reactivity of the otherwise inert Cu(111) surface. For a Pd coverage of 1%, the H 2 initial sticking probability was found to be 2 × 10 −3 , increasing to 4 × 10 −3 for a Pd coverage of 10% and E i ∼ 0.10 eV. No significant dependence of the initial sticking probability with incident energy was observed in the whole energy range studied, from 75 to 163 meV.
Our results are in excellent agreement with recent DFT-PBE molecular dynamics calculations reported by Ramos et al. [25] , in which the initial sticking probability at E i ∼ 0.15 − 0.20 eV was found to be 7 × 10 −3 for a Pd coverage of 11%. Thus, our results give further support to the main conclusion of the DFT-PBE study, namely that the mechanism leading to the increase of reactivity after evaporating small amounts of Pd atoms on Cu(111) is the reduction of the minimum activation energy barrier for dissociation, from ∼ 0.50 eV on pure Cu(111) to ∼ 0.25 eV on the Pd-Cu(111) system, followed by an efficient spillover of the H atoms to the Cu(111) substrate [25] . In addition, the almost negligible dependence observed with incident energy suggests that trapping does not play a dominant role in the dissociation process. These results are expected to stimulate quantum dynamics calculations for this system, in order to see the possible influence of quantum tunneling in the H 2 dissociation process.
